ABSTRACT This paper presents an adaptive fractional sliding mode control scheme based on dual radial basis function (RBF) neural networks (NNs) to enhance the performance of a three-phase shunt active power filter (APF), where a conventional integer-order sliding surface is changed into a fractional-order one to speed up the system response and optimize the control performance. Furthermore, the control scheme adopts a class of dual RBF NNs, in which the network weights can be updated online to approximate the nonlinear system functions and the upper bound of estimated disturbances, respectively, improving the system stability and robustness. Meanwhile, the adaptive control laws obtained by Lyapunov analysis can guarantee the system a stable operation. Finally, by comparing with the integer-order control strategy, the simulation results verify that this proposed controller has a better performance in the suppression of the harmonic, elimination of system uncertainties, and the reduction of current tracking error.
I. INTRODUCTION
Factional calculus is a branch of mathematics in which the integer order of the conventional differential equation is extended to a non-integer (fractional) number. From the point of view of linear control theory point, the most significant benefit of the fractional system is that it has a region of extra stability compared to the corresponding integer-order system [1] . Owing to the greater flexibility in improving robustness and control performance, many scholars applied the fractional calculus in different fields and achieved good effects. Chen and Lee [2] proposed a digital signal processor (DSP) based intelligent fractional-order sliding-mode controller to control a linear voice coil actuator for the trajectory tracking. Chuan et al. [3] presented a multirate fractional-order repetitive control of three-phase shunt APF suitable for micro-grid applications and performed experiments to validate the feasibility of the proposed scheme. Doye and Voos [4] designed a control method based on a state observer design for constructing a chaotically synchronized systems and fractional-order direct Lyapunov theorem is used to ensure the closed-loop asymptotic stability.
Cui et al. [5] proposed a combined finite-impulse response (FIR) and fractional-order repetitive control to perform harmonic current suppression. Cao and Fei [6] utilized an adaptive fractional fuzzy sliding mode controller to compensate the harmonic current of APF.
RBF neural networks can effectively improve the performance of the control system when the system has uncertainties. In recent years, scientists are interested in the integration of the intelligent control algorithms so as to form a new intelligence control system, which can improve the performance of the controller. Shao et al. [7] designed a robust adaptive neural control scheme combined with a nonlinear fractional-order disturbance observer for the mechanical system to eliminate the disturbance. Nazila et al. [8] proposed a fractional-order adaptive backstepping control for the robotic manipulator in order to reduce the influence of the disturbances. He et al. [9] proposed an adaptive neural network for robotic system with full-state constraints. He and Dong [10] investigated adaptive fuzzy neural network (NN) control using impedance learning for a constrained robot, subject to unknown system dynamics. Li and Tong [11] pro-posed a fuzzy adaptive output feedback stabilization control method for nonlinear systems based on the back-stepping design principle. Wang and Fei [12] designed an adaptive RBF NN controller to approximate the nonlinear function in APF system and combined a fuzzy controller into the control system to decrease the chattering. Chen [13] investigated a robust adaptive neural network controller with variable structure control and backstepping control schemes for uncertain multiple input multiple output (MIMO) nonlinear systems. Simone and Morabito [14] utilized RBF NN with a least square algorithm to solve the problem of detecting and locating circular holes in conducting plates by means of nondestructive eddy currents testing. Dong et al. [15] designed a compound control method based on the backstepping sliding mode control and adaptive RBF NN for a two-axis inertially stabilized platform. Besides, the excellent feature of approximating the system uncertainties based on RBF NN has also aroused scholars' concerns. Liaw et al. [16] proposed a robust neural network control method to track the desired motion trajectories in the presence of unknown system parameters, nonlinearities. Baghaee and Mirsalim [17] designed a novel approach for power-flow analysis of microgids using RBF NN method to set a wide range of non-linear equations. Li et al. [18] proposed an adaptive control scheme based on RBF NN in uncertain MIMO non-linear systems, where RBF NNs were utilized to approximating unstructured system functions.
It is generally acknowledged that using APF is an effective way to deal with the grid harmonic and reactive power in order to improve the grid quality. However, the research for APF has not been mature yet, there are still lots of problem to be studied and solved. Therefore, it is important to enhance the APF capacity, in such aspects like topology, harmonic detection, AC side current control and DC side voltage control etc. Among nearly years study on basic structure for APF, people began to study on the control methods on APF. Much of work has been done to enhance its performance, especially in the current control on Alternating Current (AC) side and voltage control on Direct Current (DC) side [19] - [22] .
In this paper, a fractional sliding mode control scheme based on dual RBF NNs is proposed for compensating harmonic current on APF. It integrates the fractional sliding mode control and the dual radial basis function neural networks. The adaptive control laws can be obtained through Lyapunov analysis and the parameters of control system can also be updated online from the adaptive laws. The main contributions can be emphasized as: (1) . A fractional calculus operator D α is applied to design a new sliding surface instead of the traditional integer one. Since the orders of derivatives and integrals of fractional calculus are adjustable, the designed sliding mode controller will have more freedom of orders and this feature can improve the estimation of parameters and fasten the system response.
(2). Dual RBF NNs are adopted into the control system in order to approximate the nonlinear function and the upper bound of unknown disturbance. Owing to its excellent performance of local approximation with any accuracy, the designed dual RBF NN control scheme is able to enhance the system robustness, stability and accuracy.
II. DYNAMIC MODEL OF ACTIVE POWER FILTER
The three-phase shunt APFs are commonly applied in our daily lives owing to their better performances on large capacity devices than single-phase ones. Thereby, the mathematic model of three-phase parallel voltage shunt APF shown in Fig.1will be discussed in this paper.
The basic work principle of AFP can be simply described as: it firstly tracks the real-time grid current and gets the reference current, then utilizes the high-quality converters where the control strategy is applied to generate PMW signals, next uses the signal function to control switches in order to acquire the compensation current which is of the same amplitude and opposite phase compared with harmonic current into the grid, finally outputs the compensation current into the grid to suppress the harmonic.
From the Fig.1 , we can get the dynamic model of APF:
where, v 1 , v 2 , v 3 are the voltages between the grid and APF, i 1 , i 2 , i 3 are the compensation currents, L C denotes the inductance and R c denotes resistance. Meanwhile, v 1M is the voltage between a point and M point, v 2M is the voltage between b point and M point, v 3M is the voltage between c point and M point Assume the AC supply voltages are balanced and zerosequence of the three-wire system does not exist, it can be written as
Hence we can sum the three equations in Eq.1 as
We can also define c k as the switching function in order to denote the states of IGBT 
Since there are no couplings among the three-phase circuit above, it can be divided into three exactly same single-phase circuits. Hence, the dynamic APF model can be transformed asẋ
where x denotes the compensation current,
, d denotes the uncertain disturbance.
III. ADAPTIVE FRACTIONAL SLIDING MODE CONTROL A. FRACTIONAL CALCULUS OPERATOR
In this section, three main definitions of fractional calculus are presented. The first fractional calculus introduced by Grünwald-Letnikov (GL) differential operator defined below
where
in the Definition 1 is much restricted from the pure mathematical point of view, the Riemann-Liouville definition is presented below as to weaken the conditions on the function f (t).
Definition 2: The Riemann-Liouville (RL) definition is written as
When solving differential equations in Riemann-Liouville definition, fractional-order initial value conditions are required but are not easy to measure in practical application.
Another kind of definition has been introduced by Caputo to overcome this shortcoming.
Definition 3: The Caputo definition is written as
where m − 1 < α ≤ m ∈ N .
In this paper, we use the Caputo definition of the fractional derivatives and for convenience denote it by D α .
B. FRACTIONAL SLIDING MODE CONTROL
For the convenience of modeling and analyzing, we choose the simplified dynamic APF model in Eq.6.
The tracking error is defined as
where x d denotes the reference current, x denotes the com-
The derivative of the tracking error can be written aṡ
Substituting Eq.6 into Eq.11 yieldṡ
Hence we can design a new sliding surface based on the fractional-order calculus instead of the conventional integer sliding surface as
where λ 1 , λ 2 , λ 3 are adjustable parameters. The derivate of the fractional sliding surface can then be denoted aṡ
Setṡ = 0 and ignoring the disturbance term, then derive the system equivalent control law as
Remark:
, the value of b depends on v dc and L c . It is easy to find out the value of L c cannot equal to 0, then b is a nonzero value Take the system unknown disturbance d into consideration, which is the main object to be discussed in this paper. Let's make an assumption first.
Assumption 1: The unknown system disturbance d has an upper bound ρ such that ρ − |d| ≥ σ > 2ε * where ρ > 0 and ε * is a tiny positive constant.
Define the switching control law u sw = ρsgn(s), where sgn(·) denotes a symbolic function, which is described as
As we know that the control law u = u eq + u sw , then the proposed control can be designed as
Define a Lyapunov function candidate as
Substituting Eq.14 into the derivative of the Lyapunov function yieldṡ
Putting the derived control law into Eq.19 yieldṡ
For the consideration of Assumption 1, it can be deduced asV
Hence under the obtained control based on fractional sliding mode, the system is global asymptotic stability.
IV. DUAL RBF NEURAL NETWORKS CONTROL A. RBF NEURAL NETWORK PRELIMINARIES
The RBF NN is a kind of feed-forward neural network composed of three layers: input layer, hidden layer and output layer. It can approximate any smooth nonlinear functions with any precision. Besides, it has the excellent performance of the local approximation. In this paper, a dual RBF neural network as two individual RBF neural structures shown in Fig. 2 are applied to the control system in order to approximate the nonlinear function f (x) and the upper bound ρ of the unknown disturbance d.
B. APPROXIMATION OF f (x) AND ρ BASED ON DUAL RBF NEURAL NETWORKS
Generally speaking it is difficult to derive the nonlinear function f (x) and upper bounds of the unknown disturbance d by numerical calculation. Therefore, we decided to use the two RBF neural networks to approximate the nonlinear function and the estimated upper bound of disturbances respectively in order to reduce the chattering in the system. The diagram of the control system is shown in Fig. 3 .
As we have known the derivative of the sliding surfaceṡ, it can be written aṡ The algorithm of dual RBF neural network can be introduced as
where, x denotes the input of the neural network, c i denotes the center of the neuron, b i denotes the width of the neurons. h j (x) is the output of Gaussian function, ξ * , ω * are the ideal weights of the neural network, which are used the approximators of nonlinear function f (x) and the upper bound ρ of unknown disturbance, respectively, ε 1 , ε 2 are the approximation errors such that |ε 1 | ≤ ε * , |ε 2 | ≤ ε * and ε * is a positive tiny parameter.
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Define the approximation functionsf (x),ρ as
whereξ T ,ω T are the neural network weights We can obtain the new control law
Substituting Eq.26 into Eq.22 yieldṡ
Design a Lyapunov function candidate as
where,ξ ,ω are estimation errors vector, η 1 , η 2 are adjustable parameters. Then the derivative of (29) becomeṡ
Replacingṡ in Eq.(27) into (30) yieldṡ
We can then deduceV 2 aṡ
Hence we can design the adaptive control laws as
Utilizing the adaptive lawω T andξ T as in (33) into (32), then it can be obtained aṡ
Since we has mentioned that ρ −|d| ≥ σ > 2ε * and |ε 1 | ≤ ε * , |ε 2 | ≤ ε * , it can be obtained thaṫ
V 2 is negative semi-definite ensures that V , s,ξ ,ω are all bounded, from (27),ṡ is bounded, according to the Barbalat lemma, will converge to zero as time goes to infinity. Under the control law (26) and adaptive law (33), the asymptotic stability of the closed-loop system can be guaranteed. 
V. SIMULATION STUDY
In order to verify the feasibility of the proposed control strategy, the simulation is implemented using the MATLAB/ Simulink. The parameters in the APF system are shown in Table 1 . The parameters in the fractional sliding mode are chosen as: λ 1 = 50, λ 2 = 10, λ 1 = 1, α = 0.85 and the gains in the adaptive control law are chosen as: η 1 = 100, η 2 = 100. The number of hidden layer's nodes in RBF network node = 6, the centric vector c = [−3, −2, −1, −, 1, 2, 3] and base width vector b = 1.
A. FRACTIONAL DURAL RBF NEURAL NETWORK CONTROLLER
In order to verify the robustness and the stability, the nonlinear loads are increasing at 0.1s and 0.2s. It can be seen that due to the presence of nonlinear loads, the grid current waveform has severe distortions that will affect the quality of grid power. As can be seen from the waveform in Fig.5 compared with Fig.4 , the grid current distortion has been significantly improved with the proposed controller. According to Fig.6 , we can also find out that the load current and the improved source current with the proposed controller have the same amplitude and phase.
From Fig.7 and Fig.8 , it is obvious that the compensation current using adaptive fractional sliding mode control scheme with dual RBF NNs can track the reference current well and have a tiny error, which means this proposed controller has an excellent tracking accuracy and control performance. From  Fig.9 , it can be seen that DC capacitor voltage is able to stabilize at a fixed value with the increasing nonlinear loads, which means the final system condition with the control method is stable and robust.
B. INFLUENCE OF FRACTIONAL -ORDER α
Since we have found that the proposed controller has an excellent performance of the harmonic suppression and robustness. We still have doubts about the influence of the VOLUME 5, 2017 fractional-orderα to the control system. Hence we pick up some values of α to see the simulation results. Hence it can be clearly seen that the compensation current have extremely different performances with the different values of α. When the fractional-order is small, like α = 0.15, the compensation current has a larger difference with the instruction current, which is shown in Fig.10(a) and the tracking result is clearly unsatisfied. When the value of α is gradually increasing, such α = 0.65, the compensation current starts to track the instruction current but we still find the mismatches in the magnified details. in Fig.10(b) . Finally, it tends to an excellent performance when α = 0.85, which can be seen in Fig.10(c) .
C. COMPARISON BETWEEN FRACTIONAL-ORDER CONTROLLER AND INTEGER-ORDER CONTROLLER
In order to demonstrate the advantage of the proposed dual RBF NNs controller more clearly, one class of integer-order control method is proposed. The simulation results are introduced in Fig.12 and Table 2 .
From Fig.11 , with the influence of the fractional-order dual RBF NNs controller, it can be seen that the changes of total harmonic distortion (THD) from 0s∼0.22s and the process can be described as, THD is as much as 27.41% at first and then APF with the proposed controller is placed in the grid, the harmonic current is suppressed and THD is decreasing at 1.16% at 0.22s. Hence the desired control performance is achieved. The simulation results of THD with the influence of integer-order controller are summarized in Table 2 .
From Figs. 4-12 and Table 2 , it is obvious that with the gradually changing of the nonlinear loads, the adaptive fractional sliding mode control scheme based on dual RBF NNs has a better tracking performance, suitability and robustness at different simulation stages than the one based on conventional integer-order sliding mode RBF NNs controller.
VI. CONCLUSION
An adaptive fractional sliding mode controller based on dual RBF NNs is proposed for the current compensation of APF. This control system can be described as, the voltage control with conventional PI controller gets the reference current and puts it into the fractional dual RBFNN control loop; the internal loop uses the method to get the modulation signal of PWM to control the states of IGBT in the main circuit of APF, which can derive the compensation current in order to suppress harmonic current. The stability of the system can be guaranteed with the proposed control scheme and the THDs of the supply current can be ensured below the limits specified by the IEEE-519 standard. The simulation results demonstrated that the satisfactory performance of APF under both dynamic and steady state operations, including robustness, fast response, and small overshoot for harmonic suppression. 
